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The neutron-proton bremsstrahlung process (np → npγ) is known to be sensitive to meson ex-
change currents in the nucleon-nucleon interaction. The triply differential cross section for this
reaction has been measured for the first time at the Los Alamos Neutron Science Center, using an
intense, pulsed beam of up to 700 MeV neutrons to bombard a liquid hydrogen target. Scattered
neutrons were observed at six angles between 12◦ and 32◦, and the recoil protons were observed in
coincidence at 12◦, 20◦, and 28◦ on the opposite side of the beam. Measurement of the neutron
and proton energies at known angles allows full kinematic reconstruction of each event. The data
are compared with predictions of two theoretical calculations, based on relativistic soft-photon and
non-relativistic potential models.
PACS numbers: 13.75.Cs, 25.10.+s
A quantitative description of the nucleon-nucleon
interaction is one of the primary goals of nuclear
physics. Elastic proton-proton and neutron-proton
scattering have been studied in detail. There is
long-standing theoretical interest in nucleon-nucleon
bremsstrahlung (NN → NNγ) as the simplest in-
elastic process in nucleon-nucleon scattering. The
final state in this reaction contains only one addi-
tional particle, which interacts only electromagnet-
ically. Bremsstrahlung probes the nucleon-nucleon
interaction in a kinematic regime intermediate be-
tween elastic scattering (angle between scattered nu-
cleons θNN ≃ 90
◦; Eγ = 0) and neutron-proton ra-
(a) (b) (c)
FIG. 1: Feynman diagrams for NN bremsstrahlung: (a)
external process, (b) internal process, (c) rescattering
process.
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diative capture (θNN = 0; Eγ = maximum). NN
bremsstrahlung necessarily involves off-shell ampli-
tudes in the nucleon-nucleon potential, although it
is now generally accepted that these are not directly
measurable [1].
The lowest-order Feynman diagrams for NN
bremsstrahlung are shown in Fig. 1: (a) the “ex-
ternal” diagram, in which the photon is emitted by
one of the nucleons1, (b) the “internal” diagram in
which the photon is emitted during the NN interac-
tion, and (c) the rescattering diagram. The two NN
bremsstrahlung reactions that are accessible to ex-
perimental study are proton-proton bremsstrahlung
(ppγ) and neutron-proton bremsstrahlung (npγ).
The physics of npγ differs from that of ppγ. Since the
neutron and proton can interact via the exchange of
a charged meson, the internal diagram contributes
in first order. Moreover, in npγ electric dipole (E1)
radiation is allowed, whereas in ppγ the lowest al-
lowed multipolarities are E2 and M1. As a conse-
quence, ppγ cross sections are approximately an or-
der of magnitude smaller than npγ cross sections.
Nonetheless, many fewer experiments on npγ than
on ppγ have been attempted, owing to the difficulty
of producing intense neutron beams and of detecting
at least one uncharged particle.
Prior to this work, no kinematically complete
measurements of npγ cross sections had been per-
1 The photon may be emitted either before or after (as
shown) the NN interaction, and by either nucleon if both
are charged.
2formed. A few doubly-differential cross section mea-
surements, with large statistical and systematic un-
certainties [2, 3], and inclusive photon spectrum
measurements [4, 5] have been reported. In the
recent experiment of Volkerts et al. [6], proton-
neutron bremsstrahlung cross sections at incident
energy 190 MeV were obtained from measure-
ments on the quasi-free channel in proton-deuteron
bremsstrahlung (pd→ ppnγ). Events were kinemat-
ically selected so that the second proton is likely to
be a spectator. Although these data have excellent
statistical precision, they cover a somewhat smaller
range in outgoing nucleon angles than in the present
work and are limited to large photon angles. More-
over, the results are subject to uncertainties aris-
ing from identifying the quasi-free process and ex-
tracting a free pn bremsstrahlung cross section from
the quasi-free cross section in a bound system (the
deuteron).
Calculations of npγ cross sections by Brown
and Franklin [7] and by Herrmann, Speth, and
Nakayama [8] based on non-relativistic potential
models have demonstrated the importance of the in-
ternal or meson-exchange contribution, which is seen
to increase the magnitude of the cross section by as
much as a factor of 2, and to significantly alter the
shape of the photon angular distribution for rela-
tively small nucleon emission angles. Similar effects
are also found in the recent relativistic soft-photon
analysis of NN bremsstrahlung by Timmermans et
al. [9]. The previously measured [2, 3] doubly-
differential npγ cross sections d2σ/dΩndΩp tend to
exceed the calculations [7, 8] for larger values of θn
and θp. However, since no photon angular distribu-
tions were extracted from these data, no stringent
tests of theory could be made.
In this paper we report on the first measurement
[10] of the triply-differential npγ cross section – the
photon angular distribution, for specific neutron and
proton angles – in the incident neutron energy region
between 175 and 275 MeV. At the LANSCE-WNR
facility at the Los Alamos National Laboratory, a
pulsed neutron beam is produced by an 800-MeV
proton beam incident on a 7.5-cm long water-cooled
tungsten spallation target. The proton pulse width
(<0.5 ns) and pulse spacing (1.8 µs) allow time-of-
flight techniques to be used. The beam was defined
by horizontal and vertical copper shutters (3.8 cm
x 3.8 cm opening x 40 cm long), passed through a
sweep magnet to eliminate charged particles, and
then collimated by 9 m of iron to create a well-
defined 2.5-cm diameter beam spot at the npγ tar-
get. The neutron flight path length from the spal-
lation source to the target is 18 m. Before reaching
the target, the neutron beam traversed a 238U fis-
sion ionization chamber [11], in which the yield of
fission fragments was used to determine the incident
neutron flux.
The liquid hydrogen target consisted of a vertical,
thin-walled (50 µm Aramica) cylindrical flask with
a diameter of 7.6 cm, placed inside a 32-cm diam-
eter vacuum chamber. The target was operated at
a temperature of 15K and a pressure of 96.5 kPa,
yielding an areal density of 0.32 atoms/barn.
Outgoing protons and neutrons were observed in
two coplanar arrays of detectors, one in the horizon-
tal plane, and one inclined at ∼ 25◦ to the horizon-
tal. Protons were detected using pure CsI crystals,
placed at polar angles of 12◦, 20◦, and 28◦ in each ar-
ray. Each detector subtended a solid angle of about
8.5 msr. Thin plastic ∆E detectors attached to the
front faces of the crystals provided particle identifi-
cation information. Neutron detectors, which were
liquid or plastic scintillators subtending solid angles
of about 3 msr, were placed at polar angles of 12◦,
16◦, 20◦, 24◦, 28◦, and 32◦ in each array on the oppo-
site side of the beam. The front faces of the neutron
detectors were covered by thin plastic “veto” detec-
tors, to reject charged-particle events. All detector
gains and timing stability were monitored continu-
ously using light pulses from a nitrogen laser trans-
mitted through optical fibers to each photomultiplier
tube [12, 13].
The proton energies are determined by pulse
height information from the CsI detectors. The
pulse height vs. kinetic energy calibration is per-
formed using elastic np scattering, which dominates
the events recorded when the data acquisition sys-
tem is triggered by “proton singles.” The elastic
protons are thus easily identified.
The arrival times of the scattered neutrons and
recoil protons at their respective detectors are mea-
sured relative to the arrival time of the proton pulse
at the spallation source. An independent determi-
nation of the proton kinetic energy, based upon the
pulse height measurement, makes it possible to de-
termine the times-of-flight of the incident neutrons
from the spallation source to the hydrogen target
and of the scattered neutrons from the target to the
detectors.
Since the maximum opening angle between the
neutron and proton detectors is 60◦, all real np coin-
cidence events must result from inelastic scattering.
Below the pi-production threshold, the only inelastic
process is np → npγ. Candidate bremsstrahlung
events are those comprising a charged particle (a
count in both detectors of a given ∆E-CsI pair) in
coincidence with a neutral particle (a count in a neu-
tron detector but not in its corresponding veto). The
data are further reduced using proton identification
(from the E vs. ∆E information) and neutron iden-
tification (from the maximum possible recoil proton
pulse height in the neutron detector for a neutron
arriving with a given time of flight) criteria.
The experimental data must be corrected for two
types of background, that from the empty target
3flask and that from random coincidences. Real
np coincidences can result from quasi-free (n, np)
processes in the 12C and 16O nuclei in the target
flask and scattering chamber windows. Although
the combined thickness of these windows is a factor
of ∼100 less than that of the liquid hydrogen, the
(n, np) cross section is a factor of ∼100 larger than
that for npγ, making this background comparable
to the foreground. Moreover, it cannot be measured
simply by emptying the target: the presence of the
liquid hydrogen in the full target produces signifi-
cant proton energy loss which is absent when the
target is empty. This effect must be simulated and
corrected for in the subtraction of the empty-target
data.
Compared with the real coincidence rate from
npγ, the random coincidence rate is large for three
reasons: the large n-p elastic scattering cross sec-
tion (about three orders of magnitude greater than
that for bremsstrahlung), the large ambient neutron
background, and the (necessarily) low duty factor of
the incident pulsed neutron beam. This background
was measured by combining uncorrelated “singles”
events from the proton and neutron detectors. The
result was then normalized using the count rate in a
kinematically impossible region and subtracted from
the full-target data.
The efficiencies of the neutron detectors, which
varied between 7 and 12% over the energy range of
the experiment, were measured with an overall un-
certainty of ∼7% by placing the detectors in elas-
tic n-p scattering geometry. Although the proton
detectors are essentially 100% efficient for charged
particles, strong interactions in the CsI will cause
some protons to be mis-identified. The resulting in-
efficiency was determined using the proton singles
events, which are dominated by n-p elastic scatter-
ing.
For a given incident neutron energy, knowledge of
the detector angles and measurement of the scat-
tered neutron and recoil proton energies uniquely
determine the energy and emission angle of the unde-
tected photon. The solid curve in Fig. 2a) and b) is
the kinematic locus on which npγ events will fall, for
an incident energy of 225 MeV and θn = θp = 28
◦.
In Fig. 2a) data from the full target are plotted as a
function of Tn and Tp. For this presentation, data in
the incident energy range 175-275MeV are included,
with the measured neutron and proton momenta
scaled to correspond to Tinc = 225 MeV. Fig. 2b)
shows the same data after subtraction of the empty-
target and random-coincidence backgrounds. The
latter subtraction removes the large concentration
of events seen in Fig. 2a) at Tp ≈ 170 MeV; this is
the recoil proton energy in n−p elastic scattering at
28◦. To obtain the npγ cross section, kinematic cuts
based on a Monte-Carlo analysis of the finite-size ef-
fects and resolution of the experiment were applied
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FIG. 2: (Color) a) Full-target data for mean incident
neutron energy Tinc = 225 MeV and θn = θp = 28
◦,
plotted as a function of scattered neutron and proton
kinetic energies. b) Data after subtraction of empty-
target and random-coincidence background. The solid
curve is the kinematic locus for Tinc = 225 MeV along
which np bremsstrahlung events should fall. The solid
circles indicate emitted photon angles of 0◦ and 180◦ at
low and high nucleon energies, respectively. The lower
(upper) portion of the curve between 0◦ and 180◦ cor-
responds to photons emitted on the neutron (proton)
side of the beam. The vertical (horizontal) short-dashed
line represents the proton (neutron) detection threshold.
The long-dashed curves illustrate a kinematic cut as de-
scribed in the text.
to the data. The long-dashed curves represent the
kinematic cut for Tinc = 225 MeV. In the analysis of
the data, the cuts used are a function of the outgoing
nucleon energies and angles and the incident beam
energy. The area enclosed by the two long-dashed
curves becomes a toroidal volume, and all the events
that lie in this volume are accepted.
In principle, the npγ cross section could be ob-
tained as a function of incident neutron energy from
a lower limit determined by proton energy losses and
particle detection thresholds up to the maximum en-
ergy neutrons (∼700 MeV) produced by the spalla-
tion source. In practice, the highest incident neutron
energy for which we could measure the npγ cross sec-
tion at all angles was ∼300 MeV, due to the onset of
the np→ nppi0 process, whose cross section is much
larger than that for npγ. Above the pi0-production
threshold the experiment did not have adequate res-
olution in missing mass to distinguish the γ and pi0
final states.
Theoretical calculations by Brown [14] and by
Liou [15] for incident neutron energies 175 and 275
MeV showed the energy dependence of the npγ cross
section to be much smaller than the experimental
uncertainties at all observed nucleon angles. Ac-
cordingly, in presenting the results we have summed
the cross sections obtained over this incident energy
range. For each pair of neutron and proton angles, a
photon angular distribution was constructed. The
data from each of the two coplanar arrays, after
checking for consistency, were summed for each an-
4gle pair.
Data were obtained during approximately six
months of accelerator running. The integrated beam
flux in the 175-275 MeV energy range incident on
the full and empty hydrogen target was 6×1012 and
4× 1012 neutrons, respectively.
As a representative sample of the data, triply dif-
ferential cross sections for six of the 18 neutron-
proton angle pairs observed are shown in Fig. 3. The
gaps in the angular distributions for negative (pos-
itive) angles are a consequence of the correspond-
ing neutron (proton) kinetic energies lying below the
detection thresholds. These data and those at the
other observed angle pairs with θn,p ≥ 20
◦ clearly
establish an asymmetry in the photon angular distri-
bution: the cross section is larger for photons emit-
ted on the neutron side than for photons emitted on
the proton side of the beam. As is shown explicitly
in Refs. [7, 8, 9], such an asymmetry arises from in-
clusion of meson exchange currents – the “internal”
diagram in Fig. 1(b).
The curves are results of the theoretical calcula-
tions of Brown and Franklin [7, 14] and Timmer-
mans et al. [9]. The agreement with the data is
seen to be moderately good in most cases; however,
there is a tendency for the theory to underpredict
the measurement. This is particularly evident in
the “neutron-side” region of the angular distribu-
tions for θp = θn = 20
◦ (Fig. 3c)) and θp = θn = 28
◦
(Fig. 3e)).
The finite sizes of the proton and neutron detec-
tors correspond to an azimuthal (out-of-plane) an-
gular range of about ±4◦, which translates into a
possible out-of-plane angle for the undetected pho-
ton of as much as ±20◦. To investigate this effect,
we have performed a Monte-Carlo average of the out-
of-plane cross sections recently calculated by Brown
[14, 17] and by Timmermans [9, 18] over the detec-
tor acceptances. The results are indicated by the
blue and red shaded bands in Fig. 3e). The average
effect on the cross section of noncoplanarity of the
detected nucleons is seen to be small.
A comparison of our results with those of Volkerts
et al. [6] is possible at only one set of kinematics.
In Fig. 3a) the present results at θn = θp = 12
◦ are
shown along with the previous results at θn = 13.5
◦,
θp = 12
◦, and incident energy 190 MeV. The agree-
ment between the two measurements is satisfactory
within the experimental uncertainties, and tends to
support the validity of the renormalization factor of
0.4 which, although not understood, was applied to
the previous data [6].
In summary, a measurement of the triply differen-
tial cross section for neutron-proton bremsstrahlung
has been performed over a broad kinematic range,
utilizing a pulsed neutron beam incident on a liquid
hydrogen target with coincident detection of scat-
tered neutrons and recoil protons. The asymmetric
shapes of the measured photon angular distributions
are consistent with those calculated including the
exchange current contribution, a theoretical predic-
tion which had not been tested experimentally. The
present results confirm the excess of measurement
over theory suggested by previous doubly differen-
tial cross section data, indicating that deficiencies
remain in the theoretical models. The present data,
albeit with limited statistical precision, provide a
challenge to modern calculations of this fundamen-
tal process in the nucleon-nucleon interaction.
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FIG. 3: (Color) Photon angular distributions in np bremsstrahlung for a) θp = θn = 12
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◦. Negative (positive) angles correspond
to photons emitted on the neutron (proton) side of the beam. The data (solid circles) have been summed over the
incident neutron energy range 175-275 MeV; the inner error bars are the statistical uncertainties; the outer error
bars include systematic uncertainties [16]. The curves are the theoretical predictions of Brown [7, 14] (solid curves)
and Timmermans et al. [9] (dashed curves). The blue and red shaded bands represent an average over the detector
acceptances of the predictions of Brown [17] and Timmermans et al. [18], respectively, with out-of-plane contributions
included. The open circles in a) are quasi-free pn bremstrahlung cross sections at θn = 13.5
◦, θp = 12
◦, and incident
energy 190 MeV from the pd bremsstrahlung experiment of Volkerts et al. [6]. The statistical uncertainties are
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